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ABSTRACT

Long non-coding RNAs (lncRNAs) regulate vital bi-
ological processes, including cell proliferation, dif-
ferentiation and development. A subclass of lncR-
NAs is synthesized from microRNA (miRNA) host
genes (MIRHGs) due to pre-miRNA processing, and
are categorized as miRNA-host gene lncRNAs (lnc-
miRHGs). Presently, the cellular function of most lnc-
miRHGs is not well understood. We demonstrate a
miRNA-independent role for a nuclear-enriched lnc-
miRHG in cell cycle progression. MIR100HG pro-
duces spliced and stable lncRNAs that display el-
evated levels during the G1 phase of the cell cy-
cle. Depletion of MIR100HG-encoded lncRNAs in hu-
man cells results in aberrant cell cycle progres-
sion without altering the levels of miRNA encoded
within MIR100HG. Notably, MIR100HG interacts with
HuR/ELAVL1 as well as with several HuR-target
mRNAs. Further, MIR100HG-depleted cells show re-
duced interaction between HuR and three of its tar-
get mRNAs, indicating that MIR100HG facilitates in-

teraction between HuR and target mRNAs. Our stud-
ies have unearthed novel roles played by a MIRHG-
encoded lncRNA in regulating RNA binding protein
activity, thereby underscoring the importance of de-
termining the function of several hundreds of lnc-
miRHGs that are present in human genome.

INTRODUCTION

Human cells utilize only 2% of their genome to gener-
ate transcripts with protein-coding sequences. However, a
large portion of the genome is transcribed into noncod-
ing RNAs (ncRNAs) with no apparent protein-coding po-
tential. NcRNAs could be broadly classified into two sub-
classes. Small non-coding RNAs are transcripts smaller
than 200 nucleotides, and some well-known examples of
small ncRNAs include microRNAs (miRNAs), small inter-
fering RNAs (siRNAs) and Piwi-interacting RNAs (piR-
NAs). On the other hand, ncRNAs that are larger than
200 nucleotides are defined as long-noncoding RNAs
(lncRNAs) (1). Current estimates indicate that human
genome harbors >16,000 lncRNA genes (Human GEN-
CODE Release, version 27: http://www.gencodegenes.org/
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stats/current.html). LncRNA expression is dynamically
regulated in a cell-, tissue- or development-specific fashion.
Recent studies revealed that lncRNAs play important roles
in several biological processes, including cell cycle progres-
sion, DNA damage response, stem cell fate determination
and X-chromosome inactivation (1–5). In addition, aber-
rant expression of a large number of lncRNAs is associated
with various diseases, including cancer, and a few of the
candidate lncRNAs are shown to regulate cancer-related
signaling pathways (6–9). At the molecular level, lncRNAs
adopt various mechanisms to regulate chromatin organi-
zation, gene transcription, and post-transcriptional RNA
processing (3). LncRNAs can also serve as molecular scaf-
folds to modulate nucleic acid-nucleic acid or nucleic acid-
protein interactions, or to titrate away proteins and miR-
NAs from chromatin regions (2,5).
LncRNAs are sub-categorized based on their genomic lo-

cations, expression patterns, or functions (10). Some lncR-
NAs harbor miRNAs within their exonic or intronic se-
quences, and hence are referred as miRNA-host gene lncR-
NAs (lnc-miRHGs). miRNAs are short non-coding RNAs
(usually 22nt), and they regulate target gene expression
post-transcriptionally by promoting mRNA decay or in-
hibiting translation (11). In the genome, miRNAs are pro-
duced from intergenic (28%), intronic (55%), or exonic
(17%) regions of host pre-mRNAs or host lncRNAs (12–
15). For example, ∼17.5% of miRNAs are produced from
lnc-miRHGs (16). The biogenesis and function of miR-
NAs that are processed from lnc-miRHGs have been well
studied. In addition, several lnc-miRHGs show aberrant
expression in diseases, hence could serve as important di-
agnosis or prognosis markers (17–19). However, it is not
clear whether the stable and properly spliced pool of lnc-
miRHGs, which are processed from the pri-miRHG dur-
ing miRNA processing plays any vital cellular functions, or
merely act as non-functional byproducts of miRNA pro-
cessing. Very few studies thus far have determined miRNA-
independent roles of lnc-miRHGs. For example, PVT1
oncogenic lncRNA, which is processed from the MIRHG
harboring miR-1204, miR-1205, miR-1206, miR-1207-5p,
miR-1207-3p and miR-1208, positively regulates c-Myc ex-
pression and activity (20,21). Similarly, the exon-bearing
and completely processed RMST lncRNA (contains miR-
1251 within its intronic region) and MIR31HG (contains
miR-31 within its intron) are known to play vital roles in
neurogenesis and cancer progression, respectively (22,23).
Finally, the H19 lncRNA that is processed from aMIRHG
plays crucial oncogenic role (19). All of these studies indi-
cate miRNA-independent roles of lnc-miRHGs in various
key biological processes.
In the present study, we discovered that multiple lnc-

miRHGs, including MIR100HG, are differentially ex-
pressed during specific stages of the cell cycle. We ob-
served that the levels of MIR100HG are elevated during
G1 stage, and depletion of MIR100HG causes defects in
cell cycle progression. More importantly, the spliced, abun-
dant and nuclear-enriched MIR100HG exerts its function
in a miRNA-independent manner. We demonstrated that
MIR100HG interacts with RNA-binding-proteins (RBPs),
such as HuR and several of HuR-target mRNAs. Mecha-
nistic studies indicate thatMIR100HG facilitates the inter-

action between HuR and a subset of its target mRNAs. We
conclude that MIR100HG potentially serves as a binding
platform for both HuR and its target mRNAs, thus modu-
lating HuR-target mRNA interactions.

MATERIALS AND METHODS

Cell culture

U2OS cells were grown in DMEM containing high glucose,
supplemented with Penicillin–Streptomycin (Corning) and
10% fetal bovine serum (FBS) (HyClone, GE). WI-38 was
grown in MEM containing high glucose, 10% FBS, and 1%
non-essential amino acid (NEA). Cell cycle synchronization
of U2OS cells was performed as described previously (24).

Plasmid construction

Full-length MIR100HG (isoform MIR100HG:9 in lnci-
pedia or NR 024430.1 in NCBI) was amplified from U2OS
cDNA and was cloned into PGMT-easy vector (Promega)
or pCDNA3. ThreeMIR100HG fragments were sub-cloned
from full-length construct into PGMT-easy vector.

Antisense oligonucleotide, 2′MOE and siRNA treatment

Phosphorothioate internucleosidic linkage-modified DNA
antisense oligonucleotides (ASOs) were designed and syn-
thesized by Ionis Pharmaceuticals, Inc. They are modi-
fied with five 2′-O-methoxyethyl nucleotides on the 5′ and
3′ ends and 10 consecutive oligodeoxynucleotides to sup-
port RNase H activity. 2′MOE with phosphorothioate
backbone was designed and synthesized by Ionis Pharma-
ceuticals, Inc., for blocking MIR100HG interaction with
mRNAs. ASOs,MOEs and siRNAs (SigmaGenosys, USA)
againstMIR100HG or HuR were transfected into cells us-
ing Lipofectamine RNAiMax (Invitrogen, USA).

cDNA microarray

Total RNA (250 ng) was prepared in triplicate using the
RNeasy Mini kit (Qiagen) and labeled using the Illumi-
naTotalPrep RNA amplification kit (Ambion). Microar-
rays were performed with the HumanHT-12 v4 Expression
BeadChip kit (Illumina). After hybridization, raw data were
extracted with IlluminaGenomeStudio software, raw probe
intensities were converted to expression values using the
lumi package in Bioconductor with background correction,
variance stabilization and quantile normalization.Differen-
tial expression between different conditions was computed
by an empirical Bayes analysis of a linear model using the
limma package in Bioconductor. Adjusted P-values were
calculated with the Benjamini and Hochberg method, and
differentially expressed genes were selected with adjustedP-
value ≤0.05 and a fold change ≥1.50.

RESULTS

MIR100HG-encoded lncRNAs show elevated levels during
G1 phase of the cell cycle

In cancer cells several miRNAs display cell cycle-regulated
expression, and are modulated by cell cycle-regulated onco-
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genic transcription factors including c-Myc (25,26). To de-
termine the involvement of miRNAs and their host genes
in cell proliferation, we looked at the expression of several
of the c-Myc targetMIRHGs, including PVT1,MIR17HG
andMIR100HG during the cell cycle (Supplementary Fig-
ure S1A). TheseMIRHG loci or the encoded miRNAs are
involved in cell proliferation or cancer progression (27–33).
RT-qPCR analyses using primer pairs from exonic-intronic
as well as intronic regions in cell cycle synchronized U2OS
(osteosarcoma) (Supplementary Figure S1B) cells revealed
elevated levels of pri-MIR100HG and PVT1 transcripts,
specifically during G1 phase of the cell cycle (Figure 1Aa
and Supplementary Figure S1Ca). Pri-MIR17HG RNA
showed elevated levels both in the mitotic and G1 stages of
the cell cycle (Supplementary Figure S1Cb). ElevatedPVT1
expression is highly correlatedwith cell proliferation and tu-
mor formation (21). MIR17-92 miRNA cluster is a known
oncomir (34,35), andMIR100HG-encoded miRNAs (miR-
100, let7a2 and miR-125b1) are known to regulate cell pro-
liferation (27–33). These results indicate that the expression
of these lnc-miRHGs is dynamically regulated during the
cell cycle.
MiR-100, let7a2 and miR-125b1 are embedded within

the last intron of MIR100HG (Figure 1B and Sup-
plementary Figure S1Ac, Figure 1B showing isoform
MIR100HG:9 in lncipedia or NR 024430.1 in NCBI). It
is interesting to note that MIR100HG-encoded miRNAs
are shown to play pro- as well as anti-proliferative roles.
For example, let-7 miRNA family is a known tumor sup-
presser miRNA, and acts as a negative regulator of cell
growth. Both miR-125-b1 and miR-100 act as oncogenic
or tumor suppressor miRNAs in various cancers (27–33).
Because of this, we were interested in determining whether
the exon-bearing lncRNA/s transcribed from MIR100HG
locus play any role in cell proliferation. MIR100HG pro-
duces several isoforms ofMIR100HG lncRNAs (in the rest
of the manuscript, we refer MIR100HG for exon-bearing
lncRNAs from MIR100HG locus) due to alternative splic-
ing and differential promoter usage (Supplementary Fig-
ure S1Ac). In order to test the relative levels of the spliced
MIR100HG during the cell cycle, we performed RT-qPCR
analyses in RNA samples from synchronized U2OS cells
using exon–exon junction primer pairs to amplify the ex-
onic region (exon 2–exon 3 and exon 3–exon 4) shared
by most of the MIR100HG isoforms. Similar to what we
observed in the case of pri-miR100HG RNA, even the
splicedMIR100HG showed elevated levels, specifically dur-
ing G1 (Figure 1Ab and Ac). Exonic primers targeting the
last exon (both spliced and pri-miR100HG transcripts) also
displayed same expression pattern (Supplementary Fig-
ure S1Cc). MIR100HG was found to be a predominantly
nuclear and relatively stable lncRNA with a half-life of
∼75 min (Figure 1C, Supplementary Figure S1Da). Inter-
estingly,MIR100HG stability was regulated during cell cy-
cle, as observed by its enhanced stability during G1 phase
over S-phase of the cell cycle (SupplementaryFigure S1Db).
Next, we tested the levels of mature and precursor miR-

100 and miR-125b1 (both are generated from MIR100HG
locus) during the cell cycle by using Taqman and cleav-

age assay (an assay that quantifies the production of
pre-miRNA) respectively (36). The levels of mature, pre-
miRNA and pri-miRNAs did not change significantly dur-
ing the cell cycle (Figure 1Da and Db, Supplementary Fig-
ure S1E). The absence of much fluctuation of mature miR-
NAs during the cell cycle could be attributed to their en-
hanced stability. The dynamic expression and differential
stability of the nuclear-restricted MIR100HG during the
cell cycle implies that the lncRNAs produced from the
MIR100HG locus might participate in cell cycle progres-
sion.
Elevated levels of MIR100HG were previously observed

in megakaryoblastic leukemia (AMKL) cell lines, and high
levels of MIR100HG were correlated with poor prognosis
in cases of cervical cancer patients (37,38). We therefore
determined the levels of MIR100HG in various cancer cell
lines and in non-tumorigenic cells.We compared the level of
MIR100HG among human diploid lung fibroblast (WI-38),
cervical cancer (HeLa), bone osteosarcoma (U2OS) and
highly tumorigenic and metastatic MCF10CA1a.cl1 breast
cancer (M4) cell lines (39,40). Compared to the three can-
cer cell lines, non-tumorigenic diploid WI-38 cells showed
lower levels of MIR100HG (Supplementary Figure S1Fa).
In addition, we also determined the levels of MIR100HG
in a MCF10A-derived isogenic breast cancer progression
cell line model system, represented byM1-M4 cell lines. M1
represents non-tumorigenic MCF10A cells, and M2 rep-
resents HRAS-expressing M1 cells but show very low tu-
morigenic potential when implanted in immune compro-
mised mice. M3 and M4 were isolated from tumor samples
from mice that were xenografted with M2 cells. M3 cells
are highly tumorigenic and form well-differentiated tumors
in mice, but they display low metastatic potential. On the
other hand, M4 cells form highly undifferentiated tumors
and very efficiently metastasize in the lungs (39–43). We ob-
served that MIR100HG levels were dramatically increased
in both M3 and M4 cells compared to M1 and M2 cells
(Supplementary Figure S1Fb). These results suggest that
G1-phase upregulated MIR100HG tends to show elevated
expression in cancer cells. Publicly available RNA-seq data
sets from U2OS cells showed expression of MIR100HG
(Supplementary Figure S1G). Further, RNA copy number
analyses revealed that asynchronous U2OS and M4 cells
contained ∼68 and ∼365 copies of processed MIR100HG
lncRNAs respectively (Supplementary Figure S1H).North-
ern blot (NB) using a probe from exon 4 of MIR100HG
showed a specific signal of ∼3.5 kb (Figure 1Ea). NB us-
ing a probe comprising of exons 1–3 showed two discrete
bands, one at 3.5 kb and another weak band at 5 kb (Fig-
ure 1Eb), indicating thatMIR100HG producesmultiple iso-
forms of MIR100HG via alternative splicing (please also
see supplementary Figure S1Ac). Finally, we determined
the protein-coding potential of MIR100HG isoforms uti-
lizing the integrated database of annotated human lncR-
NAs: Lncipedia.org (https://lncipedia.org/), and identified
MIR100HG as a non-coding transcript (Supplementary
Figure S1I). In summary, we identified a stable, abundant,
spliced, G1 phase-enriched, and nuclear restricted lncRNA,
transcribed from the MIG100HG locus that showed ele-
vated expression in several of the tested cancer cell lines.
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Figure 1. MIR100HG shows elevated levels during G1 phase of cell cycle. (A) RT-qPCR analyses to determine the relative abundance of pri-MIR100HG
(a) and splicedMIR100HG (b) during the cell cycle. Primers in (a) target the exon 3-intron 3 junction, (b) target the exons 3–4 junction, and in (c) exons 2–3
junction. (B) Schematic ofMIR100HG gene. Positions of miR-100, let7a2, and miR-125b1 are indicated using horizontal lines.MIR100HG isoform in the
schematic isMIR100HG:9 in lncipedia or NR 024430.1 in NCBI. (C) RT-qPCR analysis to determine the relative abundance ofMIR100HG in the nuclear
(N) or cytoplasmic (C) fraction. MALAT1 and GAPDHRNAwere used as control RNAs for nuclear and cytoplasmic fractions respectively. (D) Taqman
RT-qPCR assay (a) and RNA cleavage assay (b) to reveal the relative abundance of mature and pre-miR-100 during cell cycle in U2OS cells. (E) Northern
blot analyses to identify MIR100HG transcript isoforms. Probes spanning exon 4 (a) and exons 1–3 (b) were used respectively. ACTB (beta-Actin) was
used as loading control. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, ****P≤ 0.0001 by two-tailed Student’s t-test, n= 3. Error bars represent standard deviation
from three biological replicates.

MIR100HG regulates cell cycle progression

To determine the involvement of MIR100HG during the
cell cycle, we successfully depleted MIR100HG by trans-
fecting U2OS cells with modified DNA antisense oligonu-
cleotides (ASO1 and ASO2) (Figure 2A and Supplemen-
tary Figure S2A) for 48 h. MIR100HG-depleted cells did
not show any significant change in the total cellular levels
of miR-100, pre and pri-miR-100, and pre-miR-125b1 post
48 h ofASO transfection (Figure 2B, Supplementary Figure
S2B). In addition, we examined the RNA levels of several
knownmiR-100 targetmRNAs in control andMIR100HG-
depleted cells (31,44–47). RT-qPCR and immunoblot anal-
yses results revealed that both control and MIR100HG-
depleted cells showed comparable levels of several of the
tested miR-100 target mRNAs (Figure 2C and Supplemen-
tary Figure S2C). These results confirm that cells depleted
of MIR100HG for 48 h did not show changes in either the
levels or activity of the MIR100HG intron-encoded miR-
NAs. It is possible that miR-100 and miR-125b1 are stable
miRNAs, therefore the depletion of MIR100HG for 48 h
did not affect the steady-state levels of these miRNAs. Al-

ternatively,MIR100HG gene locus could produce different
sets of transcripts, some of which will be processed to syn-
thesize exon-bearing lncRNAs, and the others act as themi-
croRNA host transcripts.
To determine the involvement ofMIR100HG in cell pro-

liferation, we performed flow cytometry analysis and found
thatMIR100HG-depleted U2OS cells showed elevated lev-
els of G2/M population with a concomitant reduction in
G1 population (ASO1 and ASO2, Figure 2D). In addi-
tion, depletion of MIR100HG in U2OS cells using a third
ASO from exon 2 (ASO3; Supplementary Figure S2A) also
showed a similar phenotype (Supplementary Figures S2D
and S2E). We also depletedMIR100HG using an indepen-
dent siRNA targeting exon 4 (Supplementary Figures S2A
and S2F). Cells depleted of MIR100HG using siRNA also
showed G2/M arrest without affecting the mature miR-
100 levels, confirming the specificity of the cell cycle phe-
notype (Supplementary Figures S2G and S2H). Finally, we
performed rescue experiments by overexpressing the full-
length spliced MIR100HG isoform in cells depleted of the
endogenousMIR100HG.We observed that theMIR100HG
cDNA could partially rescue the G2/M arrest phenotype
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Figure 2. MIR100HG depletion results in cell cycle arrest. (A) RT-qPCR to determine the relative levels of MIR100HG in U2OS cells transfected with
control (SCR) or antisense oligonucleotides targeting MIR100HG (ASO1, ASO2). (B) Taqman RT-qPCR assay to reveal relative levels of miR-100 in
control (SCR) andMIR100HG-depleted (ASO1 and ASO2) cells. Right: RNA cleavage assay to determine the levels of pre-miR-100 and pre-miR-125b1
in control and MIR100HG-depleted cells. (C) RT-qPCR to determine the relative levels of several miR-100 target gene mRNAs in control (SCR) and
MIR100HG-depleted (ASO1 and ASO2) cells. (D) Flow cytometry analyses in control (SCR) and MIR100HG-depleted (ASO1 and ASO2) U2OS cells.
Quantification was performed using FCS Express. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by two-tailed Student’s t-test, n = 3. Error bars
represent standard deviation.

(Supplementary Figure S2I). This data confirmed the speci-
ficity of the knockdown phenotype, and further indicated
microRNA-independent cell cycle role for lncRNAs pro-
cessed from theMIR100HG locus.
In addition to G2/M arrest, MIR100HG depletion in

diploid fibroblasts (WI-38) also resulted in defective S phase
progression, as observed by reduced bromo-deoxy uridine
(BrdU) uptake in the BrdU/propidium iodide (PI) flow cy-
tometry analysis (Supplementary Figure S2J). In order to
determine the rate at which cells progress through S phase,
we synchronized control and MIR100HG-depleted cells in
G1/S using aphidicolin, and released them into S phase for
the indicated time points (4, 8 and 12 h post-aphidicolin
release). We found that, when compared to control ASO-
treated cells,MIR100HG-depleted cells displayed a delay in
their progression through S phase (Supplementary Figure
S2K). This was obvious in the 8 h release time point inwhich
the control cells had progressed into G2/M phase, but a
fraction of MIR100HG-depleted cells continued to have
DNA content between 2C and 4C (observed by the broader
peak), implying the slow S-phase progression. Similarly, a
proportion of control cells progressed into G1 phase at the
12 h release time point. However, most of theMIR100HG-
depleted cells at the 12 h time point accumulated in G2/M
phase and failed to enter G1 phase.

In order to gain insight into the gene expression program
that is affected inMIR100HG-depleted cells, we performed
transcriptome microarray in control and MIR100HG-
depletedU2OS cells.We identified 722 downregulated genes
(≤0.67 fold) and another 577 upregulated genes (≥1.5-
fold) in MIR100HG-depleted cells. Pathway analyses re-
vealed that these genes, whose expression levels are altered
inMIR100HG-depleted cells, play vital roles in crucial path-
ways controlling cell growth, including cell cycle, cell pro-
liferation, cell death and survival, further supporting the
cellular phenotype observed in MIR100HG-depleted cells
(Supplementary Table S1, Supplementary Figure S2L).
In summary, we found that human diploid and cancer

cells depleted of MIR100HG showed defects in cell cy-
cle progression, as observed by slow S phase progression
and/or G2/Marrest. We propose that that G1-upregulated
MIR100HG might play a crucial role in the entry of cells
into G1 phase of the cell cycle, and its depletion results in
defects inG1 entry, resulting in cells being arrested inG2/M
phase of the cell cycle.

MIR100HG interacts with HuR and influences the associa-
tion of HuR with its target mRNAs

It is known that several nuclear-retained lncRNAs regulate
gene expression by influencing the localization and/or ac-
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tivity of various RBPs (5,48–50). In order to gain mecha-
nistic insights into the role of MIR100HG, we performed
RNA-affinity pull-down in U2OS nuclear extracts using
biotin-labeled MIR100HG followed by mass-spectrometry
(Figure 3A). Mass spectrometry showed potential interac-
tion between MIR100HG and several RNA binding pro-
teins (RBPs) (Supplementary Figure S3A). Further, we val-
idated the interaction betweenMIR100HG and RBPs such
as HuR, PTB and PUF60, by biotin–RNA pull-down fol-
lowed by immunoblotting using nuclear extracts (Figure
3B). HuR, PTB, PUF60, but not AUF1, showed positive
interaction withMIR100HG.
HuR is a ubiquitous member of neuronal ELAV-like pro-

teins. It recognizes AU-rich elements (ARE) or U-rich se-
quences, typically within the 3′-untranslated region (UTR)
of RNAs (51–53). HuR is known to control multiple bio-
logical events including the cell cycle, apoptosis, and can-
cer progression (54–58). We therefore investigated the func-
tional significance of the interaction between HuR and
MIR100HG. We first confirmed the interaction between
HuR and endogenousMIR100HG by HuR ribonucleopro-
tein (RNP) immunoprecipitation (RIP) analysis in cell cy-
cle synchronized cell extracts followed by RT-qPCR. HuR
showed enhanced interaction with MIR100HG during the
G1/S phase of the cell cycle (Figure 3C). Immunoblotting in
cell cycle synchronized cell extracts indicated that the level
of HuR in G1/S was comparable to most other cell cycle
stages except G1 phase, where the levels were found to be
relatively low (Supplementary Figure S3B). In order to map
the sequence elements withinMIR100HG that interact with
HuR, we performed biotin–RNA pull-down followed by
Immunoblotting using 3 partially overlapping fragments of
MIR100HG (Figure 3D). We observed that both fragments
2 and 3 within MIR100HG interacted with HuR (Figure
3E). Both the HuR-interacting fragments were from the
3′end of the last exon (exon 4) ofMIR100HG. On the other
hand, another RBP SRSF1 failed to interact with any of the
fragments, confirming the specificity of HuR: MIR100HG
interaction (Figure 3E). Interestingly, we found that frag-
ments 2 and 3 contain two U-rich repeats (18 and 15 nt
longU-rich repeats respectively, Figure 3D). Based on these
data, we conclude thatHuRpreferentially interacts with the
last exon ofMIR100HG.
HuR is known to regulate the stability or translation of

many mRNAs (51,53). To determine whether MIR100HG
influences the association of HuR with its target mR-
NAs, we performed HuR RIP followed by microarray us-
ing RNA from control and MIR100HG-depleted U2OS
cells (Supplementary Figure S4A). Interestingly, knock-
down of MIR100HG significantly decreased the associa-
tion of HuR with several of its target mRNAs (Supple-
mentary Figures S4B and S4Ca, Supplementary Table S2).
Further, by performing HuR-RIP followed by RT-qPCR in
control and MIR100HG-depleted cells, we confirmed the
reduced association of HuR with several of its target mR-
NAs (MSH3, CCR6, andCCND2; Figure 4A). At the same
time,MIR100HG depletion did not alter the association of
HuR to several constitutively expressed housekeeping gene
mRNAs (Supplementary Figure S4Cb). Our results imply
thatMIR100HG positively regulates HuR association with
several of its target mRNAs.

It is possible that the aberrant association of HuR to its
target mRNAs in MIR100HG-depleted cells could be due
to reduced levels of these mRNAs. To test this, we checked
the steady-state levels of HuR target mRNAs in control and
MIR100HG-depleted cells using our microarray data set.
Depletion of MIR100HG did not affect steady-state lev-
els of known HuR target mRNAs (Supplementary Table
S1). Microarray results were further validated by RT-qPCR
analyses (Figure 4B). We also found that knockdown of
MIR100HG did not alter either the total levels or the sub-
cellular distribution of HuR (Supplementary Figures S4D
and S4E). These findings indicated that the reduction of
HuR’s association with a subset of its target mRNAs de-
tected uponMIR100HG depletion was not due to changes
in total levels or localization of HuR, but due to changes in
its ability to interact with specific mRNA targets.
It is interesting to note that the strongest interaction be-

tween MIR100HG and HuR was observed at the G1/S-
boundary (Figure 3C).MIR100HG level was also relatively
low during the G1/S transition (Figure 1A). Although
HuR is known to stabilize mRNAs in many instances, re-
cent studies from several laboratories, including ours, have
shown that HuR can also destabilize mRNAs and lncR-
NAs (59–61). In order to determine whether HuR influ-
ences the levels of MIR100HG, we compared the levels
of MIR100HG in control and HuR-depleted cells. HuR-
depleted cells showed a small but significant increase in
the levels ofMIR100HG, indicating that the association of
HuR with MIR100HG at the end of G1 phase could also
facilitate the destabilization of lncRNA (Figure 4C).
HuR participates in several crucial post-transcriptional

processes such as mRNA stability, and is also known to
regulate translation (62). We tested whether MIR100HG-
or HuR-depleted cells showed any change in the mRNA
stability or protein levels of a few HuR targets. Both
MIR100HG and HuR-depleted cells did not show any
change in the stability of the tested mRNAs (Supplemen-
tary Figures S4F and S4G). Interestingly, MIR100HG- or
HuR-depleted cells showed decrease in the protein levels of
CCND2/Cyclin D2, a known HuR target (Figure 4Da and
Db, Supplementary Figure S4H). Furthermore, we rescued
the levels of CCND2 in MIR100HG-depleted cells by ex-
ogenously expressing one of theMIR100HG isoforms (Fig-
ures 1B and 4E). MIR100HG seems to regulate the cellu-
lar levels of CCND2 protein. It is possible that reduced in-
teraction between HuR and CCND2 mRNA observed in
MIR100HG-depleted cells contributes to reduced levels of
CCND2 protein.

U-rich domains withinMIR100HG modulate the interaction
betweenMIR100HG and HuR RNP complex

Next, we probed into the potential mechanism utilized
by MIR100HG to influence the interactions between HuR
and its target mRNAs. LncRNAs is known to function
as scaffold to stabilize RNA: protein, DNA: protein, and
protein: protein interactions (2). We determined whether
MIR100HG, by interacting with both HuR and its tar-
get mRNAs, modulates HuR-target mRNA association
or stabilizes HuR-target mRNA RNP complex assembly.
To test this, we used computational prediction tools (63)
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to find mRNAs that have sequence complementarity with
MIR100HG. From the prediction analysis, we narrowed
down the candidate mRNAs containing at least 18nt of
sequence complementarity with MIR100HG with >88%
identity. From the prediction, we found that 7706 mRNAs
met these criteria (Supplementary Table S3), while only 24
of them were identified as HuR-interacting mRNAs by our
HuR RIP analysis (Supplementary Table S3). Our results
suggested that HuR andMIR100HG could bind to several
shared targetmRNAs. Interestingly,most predicted interac-
tions between mRNAs and MIR100HG occurred through
the first U-rich repeat sequences that present in the last
exon of MIR100HG (Figure 5A). The low sequence com-
plexity of 18-nt U-repeat indicated low specificity. How-
ever, due to the fact thatMIR100HG interacted with HuR,
we asked if MIR100HG displayed higher binding affinity
to HuR target mRNAs among all of these predicted mR-
NAs. To test this possibility experimentally, we incubated
biotin-labeled MIR100HG or YFP mRNA (as a negative
control) in total cellular extracts, and performed in vitro
pull-down followed by RT-qPCR to identify RNAs that in-
teract withMIR100HG.We observed significant interaction
betweenMIR100HG and either MSH3, CCR6, or CCND2
mRNAs, compared to biotin-labeled YFP RNA. (Figure
5B, MIR100HG+MOE-SCR). These three mRNAs were
previously shown to interact with HuR in a MIR100HG-
dependent manner (Figure 4A). Absence of specific associ-
ation betweenMIR100HG and GPI mRNA confirmed the
specificity of the interaction (Supplementary Figure S5A).
We next asked if the U-repeat region within the

MIR100HG is essential for facilitating the lncRNA:mRNA
interactions. To answer this question, we designed a 20
nt-long 2′-O-methoxyethyl antisense oligos (MOE; MOE-
100), which is complementary to the U-rich repeat re-
gion within the MIR100HG (Figure 5A). For the assay,
we pre-incubated biotin-MIR100HG with either control or
this A-rich MOE (MOE-100); then incubated the RNA

with cellular extract, and finally determined the efficiency
with which MIR100HG interacted with MSH3, CCR6,
CCND2 or GPI mRNAs. Pre-incubation of biotin-labeled
MIR100HG with MOE, which hybridized to U-rich se-
quences within the lncRNA, completely abolished the in-
teraction betweenMIR100HG and either MSH3, CCR6 or
CCND2 mRNAs (Figure 5B and Supplementary Figure
S5A,MIR100HG+MOE-100). These results reveal that the
U-rich sequences that present in the 3′ end of MIR100HG
promotes its interaction with specific members of HuR-
target mRNAs.
We also determined whether the U-rich sequence ele-

ment also facilitates the interaction between MIR100HG
and HuR. For this, we performed RNA-affinity pull-down
in cell extracts using biotin-labeledMIR100HG which was
pre-incubated with biotin-labeled control (SCR) or A-
rich MOE (MOE-100) oligos followed by immunoblot-
ting. HuR showed strong interaction withMIR100HG only
in SCR-MOE pre-incubated extracts and not in A-rich
MOE-pre-incubated extracts (Figure 5C), indicating that
MIR100HG utilizes the U-rich motif to interact with both
HuR and HuR-target mRNAs. Finally, we were interested
to see the involvement ofMIR100HG U-rich sequence ele-
ment in the in vivo interaction between HuR and its tar-
get mRNAs. Towards this, we performed HuR RIP fol-
lowed by RT-qPCR in cells transfected with control and
A-rich MOE-oligos to determine the interaction between
HuR and its target mRNAs.We found that theA-richMOE
(MOE-100), which could disrupt the interaction between
MIR100HG and HuR and HuR target mRNAs, also atten-
uated the interaction between HuR and its target mRNAs,
includingMSH3 and CCND2 (Figure 5D). Finally, we also
found that the protein levels of CCND2 and MSH3 were
reduced in cells transfected with the A-rich MOE-oligos.
(Figure 5E, Supplementary Figure S5B). These results sug-
gest that the U-rich sequences within MIR100HG are the
necessary for MIR100HG’s regulatory role in HuR activ-
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Figure 4. MIR100HG regulates the interaction between HuR and its target mRNAs. (A) HuR RIP followed by RT-qPCR in control (SCR) and
MIR100HG-depleted (ASO1) cells to determine the interaction between HuR and targets, including (a) MSH3mRNA, (b) CCR6mRNA and (c) CCND2
mRNA. RT-qPCR data was normalized to GAPDHmRNA. (B) RT-qPCR to determine the relative levels of several of the HuR-target mRNAs in control
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ity modulation. Our results reveal that the interaction be-
tween MIR100HG and HuR or its target mRNAs modu-
lates HuR-association to its target mRNAs.

DISCUSSION

Human lncRNAs play crucial roles in several cellular pro-
cesses such as cell proliferation and differentiation. Most
lnc-miRHG studies have focused on understanding the
mechanisms whereby cells synthesize miRNAs from their
host transcripts. Very few studies thus far have looked at
the potential miRNA-independent roles and the mecha-
nism of action of lncRNAs that are processed from the ex-
onic regions ofMIRHG primary transcripts. In the present
study, we provided evidence for the miRNA-independent
role for a lnc-miRHG. We found MIR100HG levels to be
elevated duringG1 phase of the cell cycle, and cells depleted
of MIR100HG showed defects in their entry into G1, sup-
portingMIR100HG’s role in cell cycle progression. Further-
more, mechanistic studies revealed thatMIR100HG acts as

a scaffold to modulate the interaction between HuR and its
target mRNAs.
It is generally believed that the role ofMIRHG is to pro-

duce miRNAs, and the lncRNAs that are processed from
MIRHG primary transcripts do not execute any significant
role. However, few recent studies have reported miRNA-
independent roles played by lnc-miRHGs. (20,22–23,36).
These studies underscore the functional significance of this
class of lncRNAs, which is ignored before, and indicate the
importance of understanding the independent roles played
byMIRHG-encoded lncRNAs. Our study demonstrates the
involvement of MIR100HG in the cell cycle and its role
in regulating the affinity of an RBP to its target mRNAs,
which further underscores the importance of determining
the role of several hundreds of lnc-miRHGs in human
genome.
RNA pull-down followed by mass spectrometry analy-

ses revealed that MIR100HG interacts with several RBPs,
including HuR, PTB and PUF60. HuR is a ubiquitously
expressed member of the Hu/ELAV family of proteins. It
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performed using Image J and quantification results for three repeats is presented in Supplementary Figure S5B. (F) Model depicting the potential mode of
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HuR-target mRNA interactions. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by two-tailed Student’s t-test, n = 4 for 5B, n = 3 for all other
figures. Error bars represent standard deviation.

was initially described as an adaptor protein that influences
mRNA export (64). High-throughput protein-RNA inter-
action studies identified several hundreds of RNAs that in-
teract with HuR (52,53). HuR is found to regulate several
vital processes such as mRNA stability, translation, and
miRNA biogenesis (62,64–65). Besides MIR100HG, HuR
is shown to interact with several other lncRNAs, including
lincRNA-p21, UFC1, OIP5-AS1 and linc-MD1, and influ-
ence their activity (36,61,66–67). For example,HuRbinding
to linc-MD1 prevents Drosha-mediated cleavage and pro-
duction of pre-miRNA from the linc-MD1 transcript (36).
The 3′ end of MIR100HG contains two independent U-
rich sequence elements, and our in vitro pull-down assays
demonstrated that HuR interacts with the U-rich sequence
elements. Interestingly, MIR100HG also utilizes the same
U-rich sequence elements to interact with several tested
HuR target mRNAs. It is possible that MIR100HG could

simultaneously interact with both HuR as well as its target
mRNA through the U-rich elements. By this, MIR100HG
bring both HuR and its target mRNA in close proximity,
and this can further increase HuR and target mRNA inter-
actions. The reduced interaction between HuR with target
mRNAs in MIR100HG-depleted cells further strengthens
our hypothesis.
Lnc-miRHGs are generally very unstable in nature (16),

which indicates that these lncRNAs are degraded rapidly af-
ter generatingmiRNAs, and thus theymight not serve other
functions. On the other hand,MIR100HG was found to be
an abundant and stable lncRNA. RNA stability assays re-
vealed that MIR100HG showed enhanced stability during
G1 phase of the cell cycle. Interestingly,MIR100HG showed
increased association with HuR during the time window
that also coincides with its decreased stability. Further-
more, HuR-depleted cells showed an increase in the level of
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MIR100HG, indicating that HuR destabilizesMIR100HG.
In support of this argument, recent studies from several lab-
oratories, including ours, have provided evidence demon-
strating the role of HuR as an RNA-destabilizing factor
(60–61,68–70). For example, HuR is known to promote the
degradation of lincRNA-p21 by facilitating the recruitment
of let-7b/AGO2 complex to the lncRNA (61).
Loss-of-function studies indicate that MIR100HG is re-

quired for cell cycle progression. Our results are consis-
tent with a previous study, which reported thatMIR100HG
positively regulates cell proliferation in leukemia cells (37).
Interestingly, we observed that the levels of only the
MIR100HG, and not the intron-embedded miRNAs (miR-
100 and miR-125b1), were elevated during G1 phase of the
cell cycle. Since depletion of MIR100HG did not alter the
levels of either the MIRHG-encoded miRNAs or the mR-
NAs that are targets of these miRNAs, we concluded that
lncRNA MIR100HG plays a miRNA-independent role in
regulating cell cycle progression. In addition, MIR100HG
rescue experiments reveal that the spliced MIR100HG
lncRNA plays a crucial role in cell cycle progression. The
MIR100HG gene locus synthesizes multiple MIR100HG
lncRNA transcripts by utilizing multiple promoters. It is
possible that only a subset of the isoforms is processed to
produce microRNAs whereas rest of them essentially func-
tion as host gene of the spliced lncRNAs. Presently, it is not
clear howMIR100HG regulates cell cycle progression. One
possibility could be thatMIR100HG promotes the interac-
tion between HuR and mRNAs of cell cycle genes. Such as-
sociation is crucial for the proper functioning of those mR-
NAs.HuR is known to regulate cell division and checkpoint
response throughmultiple mechanisms, including modulat-
ing the stability and translation of key cell cycle regulators,
such as cyclins (58). The localization of HuR is also regu-
lated during the cell cycle (71,72), and such dynamic cellular
distribution could influence its interaction with target mR-
NAs as well as other lncRNAs such asMIR100HG. To test
the involvement of MIR100HG in modulating HuR activ-
ity, we determined the mRNA stability and protein levels of
HuR targets such as MSH3 and CCND2 mRNAs in cells
depleted of MIR100HG. HuR-depleted cells were used as
controls in these experiments. To our surprise, we did not
see any significant change in the stability of both these tran-
scripts in cells depleted of eitherMIR100HG or HuR, indi-
cating that HuR does not seem to regulate the stability of
these mRNAs. Immunoblot analyses revealed a consistent
decrease in the levels of CCND2, and not MSH3 protein,
in MIR100HG or HuR-depleted cells. This suggests that
MIR100HG does not modulate the outcome of all of the
HuR-target mRNAs in the similar fashion.
Since HuR interacts with several hundred mRNAs (52),

and MIR100HG-depleted cells showed defects in the as-
sociation between HuR and a large number of its targets,
it would be challenging to identify a single specific tar-
get mRNA whose aberrant function contributes to the ob-
served cell cycle arrest upon MIR100HG depletion. Alter-
natively, MIR100HG regulates the cell cycle via modulat-
ing the activity of other RBPs, and future efforts will be
made to test this possibility. In summary, we demonstrated
that MIR100HG regulates cell cycle progression. Further-
more, we observed that MIR100HG interacted with HuR

and its target mRNAs in a cell cycle-regulated manner.
The U-rich regions within the MIR100HG were found to
be essential for its interaction with HuR as well as with
HuR target mRNAs. Based on this, we propose a model
(Figure 5F), whereby the abundant MIR100HG interacts
with both HuR and its target mRNAs through its U-rich
domains. Such interaction further facilitates the associa-
tion between HuR and its target mRNAs. By this mech-
anism, MIR100HG acts as a ‘nucleating site’ or ‘scaffold’
to increase the local concentration of HuR and its target
mRNA, thus facilitating HuR target mRNA interactions.
In summary, our studies have unearthed novel roles played
by a MIRHG-encoded lncRNA in regulating RBP activ-
ity, thereby underscoring the importance of determining
the function of several hundreds of lnc-miRHGs that are
present in the human genome.
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